With the development of semiconductor technology, semiconductor laser devices and semiconductor laser pump solid-state laser devices have been widely applied in z-scan experiments. However, the feedback light-induced output instability of semiconductor laser devices can negatively affect the accurate testing of the nonlinear index. In this work, the influence of feedback light on z-scan measurement is analyzed. Then the calculated formula of feedback light-induced false nonlinear z-scan curves is theoretically derived and experimentally verified. Two methods are proposed to reduce or eliminate the feedback light-induced false nonlinear effect. One is the addition of an attenuator to the z-scan optical path, and the other is the addition of an opto-isolator unit to the z-scan setup. The experimental and theoretical results indicate that the feedback light-induced false nonlinear effect is markedly reduced and can even be ignored if appropriate parameters are chosen. Thus, theoretical and experimental methods of eliminating the negative effect of feedback light on z-scan measurement are useful for accurately obtaining the nonlinear index of a sample.
INTRODUCTION
Optical nonlinear materials have been extensively applied in optical switching [1] , optical limiting devices [2] , optical lithography [3] , optical data storage [4] , and so on. Accurate determination of the optical nonlinear index is important in real applications. Many methods of measuring the nonlinear index have been developed [5] . Among them, the single-beam z-scan technique proposed by Sheik-Bahae et al. [6] is widely used because of its simplicity and high sensitivity. Various improvements have been proposed since the introduction of the z-scan method, including the time-resolved z-scan [7] , phase object z-scan [8] , beam radius measurement z-scan [9] , reflection z-scan [10] , single-shot reflection z-scan [11] , and so on. Different beam profiles have also been tested, such as circularly symmetric [12] , elliptic Gaussian [13] , GaussianBessel [14] , flat-topped [15] , top-hat [16] , and polarization beams [17] . In addition, the sensitivity and accuracy of measurements have been improved with various data processing and fitting methods [18] [19] [20] [21] . In the basic z-scan measurement, a collimated laser beam focused through a lens is perpendicularly (normally) incident on the sample surface, and the sample is scanned along the z axis (optical axis) through the focal point. If significant nonlinearity is observed in the sample, the light intensity at different z-scan positions either increases or decreases depending on the positive or negative sign of the nonlinear index. The recorded z-scan curves are compared with the theoretically determined fitting curves, and the index of the optical nonlinearity is subsequently extracted.
In z-scan measurement, laser pulses are repeatedly irradiated onto samples, and the light transmitted or reflected from the samples is constantly acquired until the measurement is completed. The laser device is one of the critical components of a z-scan system, and the stability of laser power is very important to accurately obtain the nonlinear index. Gas laser devices are generally more stable than solid-state laser devices and semiconductor laser diode (LD) devices; thus, gas laser devices are widely used in a z-scan setup. However, in recent years, the development of semiconductor technology has resulted in semiconductor laser devices and semiconductor laser pump solid-state laser devices being extensively applied in z-scan experiments because of their small size, compactness, long service life, low cost, and ability to be modulated and integrated [22] .
In z-scan measurement, the optical beam needs to be normally incident on the sample surface, which causes the reflected light from the sample surface to go back to the resonant cavity of an LD. The output stability of an LD is very sensitive to feedback light, which may lead to the instability of the laser output [23, 24] and to a negative effect on the accurate testing of the nonlinear index. In other words, laser pulses are inevitably reflected back to the LD, causing the instability of laser power that negatively influences the z-scan measurement. Feedback light from a sample surface, called external cavity feedback, is known to increase the reflectivity of the internal cavity surface of an LD [25] [26] [27] . The external cavity feedback reduces the output coupling, which results in lower output power [28] . In z-scan measurement, feedback light markedly influences the results of nonlinear index measurement because the intensity changes as the sample moves along the z axis. In this work, we first theoretically analyze the factors influencing external cavity feedback. We then perform experimental methods of reducing and eliminating the influence of feedback light on z-scan measurements. This paper is organized as follows. Section 2 discusses the influence of external cavity feedback light on LD devices. Section 3 presents the experimental methods and results for reducing and eliminating feedback light influence, and Section 4 provides the conclusion.
INFLUENCE OF FEEDBACK LIGHT ON SEMICONDUCTOR LD DEVICES
A. Internal Cavity Characteristics of LD Inside an LD, the medium junction interface forms a FabryPerot (F-P) resonator with two cleavage planes, whose reflectivity are R 1 and R 2 , respectively (Fig. 1, inner cavity box) . P 1 is the laser power from cleavage plane R 1 , and P 0 1 is the laser power reflected by the cleavage plane R 2 . The F-P resonator can be considered as an internal cavity of an LD. The light reflected back and forth inside the internal cavity is amplified, resulting in laser output with power P 2 .
In the internal cavity, the light energy loss includes freecarrier absorption loss α fc , diffraction loss α diff , and output end loss α T 1∕2l ln1∕R 1 R 2 , where l is the length of the F-P resonator [29] . The total loss is represented as follows:
where α 0 α fc α diff . When the balance between the gain and loss is reached, the threshold gain g th is equal to the threshold loss, which can be written as follows:
The threshold current is proportional to the threshold gain I th C 0 g th , and the output power P 2 of an LD can be written as follows:
where C and C 0 are constants only related with semiconductor LD, and I is the injected current. Equation (3) shows that the output power of the LD is positively proportional to the injected current I, and a laser output is achieved only when I > I th .
B. Influence of External Feedback Light on the Output
Characteristics of an LD In real LD applications, external feedback light into an LD usually exists and inevitably influences the output stability of the LD. Figure 1 shows a schematic of influence of external feedback light on the LD output power, where the external feedback light path can be considered as an external cavity. In Fig. 1(a) , R 3 is the reflectivity of the external cavity output mirror, and P 2 and P 0 2 are the laser powers irradiating on and reflected from the external cavity mirror R 3 , respectively. The length of the internal cavity l is in submillimeter magnitude, whereas the external cavity length L is in decimeter magnitude; thus, l can be ignored compared with L. According to the Fresnel reflection, the following equations can be obtained [28] :
To simplify the analysis, the internal and external cavities are combined into an effective internal LD structure, as presented in Fig. 1(b) , where the effective reflectivity R eff of the output plane of the internal LD structure can be written as
Figure 2(a) shows the dependence of R eff on R 2 and R 3 . When R 2 is close to unity, R eff basically remains unchanged with R 3 ; however, when R 2 is much smaller than unity, R 3 has substantial influence on R eff , and a larger R 3 results in a faster growth rate of R eff .
Replacing R 2 in Eq. (2) with R eff yields the threshold gain g th of the effective internal LD structure:
Equation (8) shows that the threshold gain g th is determined by R 2 and R 3 . R 2 is fixed for a given LD, whereas R 3 is the reflectivity of the external cavity. Thus, the external cavity characteristics significantly affects the threshold gain g th . Substituting Eq. (8) into Eq. (3) yields the influence of the external cavity feedback light on the laser output of LD:
Figure 2(b) shows the dependence of the output power P 2 on the reflectivity R 3 of the external cavity output mirror according to Eq. (9) . To obtain a stable LD output, R 3 must be decreased as much as possible in the experiment.
C. Dynamic Characteristics of External Feedback in z-Scan Measurement

Analysis Based on Geometrical Optics
In z-scan measurement, the incident light from the LD is irradiated onto the sample after passing through a converging lens. The sample moves near the focal plane of the lens from the −z direction to the z direction along the optical axis, where −z and z indicate that the sample is on the left and right sides of the focal plane, respectively. When the sample moves along the optical axis, the nonlinearity of the sample changes the light propagation. Thus, the power detected by the detector varies with the sample position z, and the nonlinear index can be calculated accordingly. However, during measurement, some part of the incident light is reflected back to the LD by the sample, making the LD unstable. The intensity of reflected light into the LD changes with sample position z. Figure 3 shows the reflected light changing with the sample position z, where the propagation locus of the edge line of the laser beam is schematically presented while the sample moves along the z direction. w 0 is the aperture radius of the LD, b is the distance from the LD to the lens, f is the focal length of the lens, and z is the distance between the sample and focal plane of the lens. In z-scan measurement, if the sample is on the focal plane [ Fig. 3(b) ], reflected light from the sample is collected by the lens and passes through the LD aperture and then back to the LD. However, if the sample is on the left of the focal plane (−z direction), only partly reflected light goes back to the LD because of the limited aperture size of the LD, as shown in Fig. 3(a) . If the sample is situated on the right side of the focal plane (z direction), reflected light is focused before entering the LD, similar to Fig. 3(a) ; only part of the reflected light goes back to the LD, as shown in Fig. 3(c) .
The theoretical analysis is described as follows. In the z-scan measurement, a collimated Gaussian laser beam is emitted from the LD, and the electric field intensity is written as follows:
where E 0 is the electric field amplitude and w 0 is the beam radius similar to the aperture radius of the LD. By a complex mathematical operation, the reflected beam radius in the LD plane can be written as follows:
Integrating laser intensity from the center to the aperture radius w 0 , the laser power actually reflected back to the LD P reflect is represented as follows:
Substituting Eq. (11) into Eq. (12) yields the following equation:
Equation (13) indicates that the power of light reflected back to the LD changes with the sample position z. The dependence of P reflect on the sample position z can be achieved by taking b 500 mm, f 12 mm as an example. The blue dotted line in Fig. 4 presents the normalized power P reflect of the light reflected to the LD. We find that P reflect dramatically changes when the sample moves backward and forward near the focal plane.
According to Fig. 1 , the sample in the z-scan can be considered as an external feedback mirror, and the reflectivity is R 3 . Normalised Thus, P reflect R 3 P in , where P in 1∕2πw 2 0 E 2 0 is incident light power regardless of propagation energy loss. The following can be obtained from Eq. (13):
Equation (14) indicates that R 3 changes with the sample position z. Thus, according to Eq. (7), the effective reflectivity R eff can be used to analyze the feedback light influence in the z-scan measurement.
Analysis Based on Gaussian Optics
The geometrical optics calculation is an intuitive method; here, in order to improve the calculation accuracy, the Gaussian optics calculation is also carried out. While a Gaussian distributed laser beam is travelling, the ABCD matrix is suitable for analyzing the propagation of the beam, which can simplify the calculation with a q factor. In the same system as Fig. 3 , for a collimated incident laser beam, the q factor can be written as q 0 :
By a series of mathematical operations, the ABCD propagation parameters are calculated as [30] :
The q factor of feedback light (marked as q f ) just before the LD is
The laser radius D 0 just before the LD can be calculated as
The Rayleigh length z r , the laser beam waist w 0 , and the length l from the beam waist to the LD can be calculated with the imaginary and real parts of q f , respectively:
Taking D 0 in place of D in Eq. (12) yields the reflected laser intensity P 0 reflect :
Normalized P 0 reflect is shown in Fig. 4 (the red circled line). One can see from Fig. 4 that the basic trend of the geometrical optics calculation is basically consistent with that of the Gaussian optics calculation, and both of them show that the influence of feedback light depends on the sample location, especially near the focus of the lens. It needs to be pointed out that there are some small differences between the Gaussian optics and geometrical optics, which is because the accuracy of Gaussian optics calculation is better than geometrical optics. Compared with Gaussian optics analysis, the geometrical optics calculation is more intuitive and easy to understand.
D. Feedback Influence on the LD Output in z-Scan Measurement
In z-scan measurement, the incident light is reflected back to the LD by the sample, and the reflected light intensity is a function of the sample position z, which causes the instability of LD and induces a pseudo-nonlinearity effect. To monitor the instability of the LD and detect the pseudo-nonlinearity effect, three detectors in the optical path are placed in the traditional z-scan setup (Fig. 5) . Detector 1 is used to collect feedback light from the sample, Detector 2 is placed in front of the lens to detect noise, and Detector 3 collects transmitted light through the sample.
In our experiment, the LD laser beam with a wavelength of 658 nm is used as a light source in the z-scan setup, and a BK7 glass about 1 mm thick is used as the sample. BK7 glass has no nonlinearity at low power irradiation; however, in our openaperture z-scan experiment, the reflected light R 3 from BK7 glass presents a false nonlinear saturated absorption effect. It indicates that the instability of the LD is closely related to the external cavity reflectivity R 3 , and feedback light from the sample causes LD to become unstable. A larger external cavity reflectivity R 3 results in a larger reflectivity R eff and greater LD instability. Figure 6 (a) shows the change in P noise with the sample position z at different LD output powers. A lower LD output power corresponds to greater feedback light intensity. P noise even reaches 260% when the LD power is 0.522 mW. Furthermore, the dependence of P noise on the laser power of the LD is plotted, as shown in Fig. 6(b) . P noise exponentially decreases with increased LD power; that is, the influence of feedback light on LD output instability can be ignored when the LD power exceeds a certain value, which is useful for eliminating the reflected light influence on the LD during z-scan measurement.
ELIMINATION OF FEEDBACK LIGHT INFLUENCE ON z-SCAN MEASUREMENT
Theoretical analysis and experimental data show that in z-scan measurement, feedback light from the sample markedly influences nonlinearity measurement, which can induce a pseudo-nonlinearity effect. Thus, some experimental methods should be used to decrease and eliminate feedback light influence on z-scan measurement.
A. Decreasing Feedback Light Influence by Adding an
Attenuator to the z-Scan Setup Figure 6 (b) indicates that the influence of feedback light on LD output instability can be reduced and ignored when the LD power exceeds a certain value. Thus, in the z-scan setup, an attenuator can be placed after the LD, as shown in the blue box in Fig. 7 . It shows a detailed illustration, where R 1 and R 2 are the reflectivities of cleavage plane 1 and cleavage plane 2, respectively, and R att and R s are the reflectivities of the attenuator and sample, respectively. The attenuator is a critical element for decreasing feedback light because of its distinctive advantages. Suppose the reflectivity of an attenuator is R att 0.9 and the reflectivity of the sample is R s 0.3. If the nonlinearity excitation power on the sample surface is required to be P, then the LD output should be set as P, regardless of energy loss without an attenuator, and the feedback light to LD is 0.3P; that is, about 30% of the light energy is feedback to the LD. On the contrary, with the presence of an attenuator, the LD output power should be set as 10P because R att 0.9. Thus, the transmittance T att 0.1 and the feedback light to the LD should be 0.03P; that is, only about 0.3% of the light energy is feedback to the LD. By contrast, the attenuator can reduce the feedback light to only 1% than that without an attenuator. Moreover, a larger LD output power leads to less influence on the LD from feedback light, as shown in Fig. 6(b) . Thus, placing an attenuator in the z-scan setup can decrease the negative influence from feedback light during nonlinear measurement. Figure 7 shows that the LD and attenuator can be considered as a new F-P resonator with effective cavity end reflectivity R eff1 , as shown in the blue dashed box. According to Eq. (7), the effective cavity end reflectivity can be written as follows:
According to Fig. 1 , considering R s of sample surface reflectivity, the new F-P resonator and sample make up a new effective internal LD structure with reflectivity R eff2 , as shown in the red dashed box in Fig. 7 . Replacing R 2 , and R 3 by R eff1 and R s in Eq. (7), respectively, the end reflectivity of the new effective internal LD structure is obtained as follows: Figure 8 (a) presents the dependence of R eff2 on the sample reflectivity R s at R 2 0.3. For a fixed R 2 , a larger R att leads to more stable R eff2 ; that is, the stability of the LD can be improved by placing an attenuator after the LD. If R att 0.9, R eff2 is almost unchanged at R s < 0.5, which is easily met in the z-scan because the sample is generally transparent Normalized Pnoise
Power of LD (mW) (b) Fig. 6 . Relationship among LD output power, P noise , and sample position z: (a) normalized P noise in z scan, (b) dependence of P noise on LD power. or semitransparent. This result indicates that the external feedback influence caused by sample movement can be markedly reduced or even ignored. According to Eq. (9), the output power P 2 of the new effective internal LD structure can be written as follows:
Substituting Eqs. (15) and (16) into Eq. (17) yields the relationship of P 2 with the sample position z, as shown in Fig. 8(b) . A larger R att results in a more stable LD output power P 2 . Compared with that without an attenuator (R att 0), the instability of the LD output P 2 is reduced to 0.83%; that is, the stability of the LD output is greatly improved in the z-scan measurement. Figure 9 shows the open-aperture z-scan measurement results with a BK7 glass sample for different R att values using the setup in Fig. 7 , where the LD output power is set at P 1 mW. The black dotted line shows that the interface reflectance from the glass sample exerts a strong false nonlinear saturated absorption effect without an attenuator on the optical path. A comparison among the curves in Fig. 9 indicates that the attenuator can obviously decrease the false nonlinear saturated absorption effect, which then decreases as the reflectivity of the attenuator R att increases. The false nonlinear saturated absorption effect is almost eliminated at R att 99.5%.
B. Decreasing Feedback Light Influence by Adding an
Opto-isolator Unit to the z-Scan Setup Another method is provided for decreasing and eliminating the influence of feedback light. An opto-isolator unit consisting of a half-wave plate, a polarized beam splitter (PBS), and a quarter-wave plate is placed in the z-scan setup, as shown in Fig. 10(a) . The laser beam passes through the half-wave plate and becomes p-polarization light, which travels through the PBS and quarter-wave plate and then becomes circular polarization light. This circular polarization light is then split into two beams: one is detected by the noise detector that monitors the instability of the LD, and the other is focused by the lens and irradiated onto the sample to induce a nonlinear effect. The sample moves through the focal plane of the lens from the −z to z direction, and then the light transmitted through the sample is collected by Detector 3. Moreover, some parts of the circular polarization light reflected by the sample pass through the quarter-wave plate again and become s-polarization light. This s-polarization light is perpendicular to the incident p-polarization light and thus cannot pass through the PBS and become feedback to the LD. The opto-isolator unit realizes the isolation of reflected light from sample to LD, and the feedback light influence on the z-scan measurement is reduced or even eliminated, theoretically. Figure 10(b) shows typical open-aperture experimental results where BK7 glass is used as a sample at P 1.52 mW. Here one can notice that the laser power is low; actually, there are lots of examples where the optical nonlinearities are stimulated for such low values of the incident power, such as PtOx and Ge 2 Sb 2 Te 5 [31, 32] . When no opto-isolator unit is placed in the optical path, the z-scan measurement of BK7 glass presents a strong nonlinear saturated absorption effect, and the normalized peak of T z-scan is about 2.8. When an opto-isolator unit is added to the z-scan setup with a maximum transmittance of 87.97% in experiment, the normalized peak of T z-scan is reduced to about 1.45. Thus, the opto-isolator unit is very useful for decreasing the influence of feedback light on z-scan measurement. because a small leakage light inevitably feeds back to the LD and negatively affects the measurement accuracy. The noise detector, Detector 2, is thus inserted before the lens in the experimental setup in Fig. 10(a) . Detector 2 is used to monitor and record the instability of the LD output P noise , and the nonlinear measurement accuracy can be further improved by the numerical operation of T z-scan ∕P noise . Figure 10 (c) shows the typical P noise and T z-scan curves for BK7 glass sample under the conditions with and without the opto-isolator. The T z-scan peak value of 1.45 in the red circled line of Fig. 10(b) is reduced to a T z-scan ∕P noise of 1.00133, which is much close to unity. Compared with the T z-scan ∕P noise of 0.97846 without the opto-isolator, the maximum error influence is reduced from 2.154% without the opto-isolator to 0.133% with the opto-isolator. Figures 11(a) and 11(b) give closed-aperture z-scan measurement results and T z-scan ∕P noise , respectively. One can find that opto-isolator is helpful in reducing the feedback light influence, and the transmittance peak value is reduced from 19.77% without the opto-isolator to 4.59% with the optoisolator, and T z-scan ∕P noise is reduced from 1.949% without the opto-isolator to 0.029% with the opto-isolator. Both improvements are significant because in many conditions the normalized transmittance variation is under 10% [6, 33] . Besides, in a closed-aperture z-scan, there is only a peak instead of a peak-valley when there are nonlinear samples [6] . In other words, the z-scan measurement of the BK7 glass sample does not have a nonlinear effect. Therefore, both the optical isolator and the numerical calculation of T z-scan ∕P noise can further decrease the influence of feedback light on the z-scan measurement. With these improvements, the false nonlinear effect induced by feedback light from the sample is almost eliminated.
SUMMARY
The output stability of an LD is very sensitive to the feedback light, which negatively affects the accurate testing of the nonlinear index in z-scan measurement. In this study, the influence of feedback light on z-scan measurement is analyzed. Then the calculation formulas of feedback light-induced false nonlinear z-scan curves are theoretically derived. Two methods are proposed to reduce or eliminate the feedback light-induced false nonlinear effect on z-scan measurement. One is the addition of an attenuator to the z-scan optical path, and the other is the addition of an opto-isolator unit to the z-scan setup. The experimental results indicate that the feedback light-induced false nonlinear effect is markedly reduced by the improvements for the z-scan measurement setup. The feedback influence can even be eliminated if appropriate parameters are chosen.
